Abstract-This paper presents a model of a wire-mesh collimator for a gamma camera that produces images of comparable quality as those produced with the conventional multihole collimator, but has about half the weight of the multihole collimator. The gamma camera and the collimator are simulated using the MCNPX code. Two final configurations of the wire-mesh collimator are proposed, and their performance is compared with other wire-mesh collimators and with the multihole collimator, using a point source, a planar square source, and two point sources, all in water. In all cases, photons with energy 140 keV are simulated. In addition, we use the simulation of a realistic phantom of a hot tumor in a warm background to assess the performance of our collimator in conjunction with an extended source.
I. INTRODUCTION
T HERE are many types of collimators used in conventional nuclear medicine, with the multihole collimator being the most commonly used one. The problem with this collimator is its weight. The multihole collimator is bulky, weighing more than 100 kg and, as a result, it is very difficult to handle. The aim of this paper is to propose the design of a lighter collimator, with comparable performance with that of the multihole collimator. This can reduce manufacturing costs and allow light-weight portable gamma cameras to be developed, something that will be particularly attractive in, for example, bedside cardiac imaging.
To address this problem the idea of a wire-mesh collimator was introduced recently by Chamberlain [7] and Ogawa and Kato [22] , [23] . Such a collimator is made from a series of wire grids to reduce the collimator's weight. However, the performance of the wire-mesh collimators reported in the literature cannot match that of the multihole collimator. This paper proposes a design of the wire-mesh collimator that can successfully compete with the multihole collimator.
In the next section, we present the realistic model of the gamma camera that is used as a platform for image acquisition in this paper. This model is constructed using the Monte Carlo N-particles (MCNP) code, and its design is benchmarked against a Toshiba GCA 71000A clinical gamma camera. In some cases, we need image restoration to improve the quality of the captured images. So, Section III describes the image restoration method that we use in such cases, i.e., the Wiener filtering technique. In Section IV, we introduce the wire-mesh collimator, and present our algorithm for designing a viable configuration for it. Two new designs of a wire mesh collimator are proposed. In Section V, we choose parameters of the proposed collimators by investigating their performance in conjunction with a point source, a planar square source and two point sources. In Section VI, we test both proposed wire-mesh configurations with a more complex source. Finally, our conclusions are presented in Section VII.
II. SIMULATING A REALISTIC CAMERA AND IMAGING ENVIRONMENT

A. Monte Carlo N-Particle (MCNP) Code
The Monte Carlo technique is a numerical method for obtaining an estimate of the solution of a problem that depends on a random process, such as the distribution of photons emitted by a radioactive material and recorded by a gamma camera [30] .
There are many types of the Monte Carlo simulation code available, such as MCNP [6] , EGS4 [18] , GATE [2] , SIMSET [18] , GEANT [4] , SIMIND [10] , and PETSIM [18] . In this paper, we simulate the gamma camera by using the MCNP code, version MCNPX.
Monte Carlo physics simulation packages attempt to provide essentially a "physics-library" of possible interactions. The user is required to specify the geometry of the system to be modeled, the source(s) to be used and the manner in which the resulting data are to be recorded. In the case of the MCNP Code, we define various geometric primitives, set up our source as a 140-keV gamma source and use one of the many tallies [6] to record the resulting data. We may specify the total number of events for the simulation to take place. During execution, the MCNP Code generates individual photons and tracks them through the user-defined geometry recording the various occurring interactions. Many such "photon histories" are then simulated in order to build up a statistically valid result, which may be in the form of an image or a deposited energy spectrum. In the experiments presented in this paper, we use tally F8 [6] in order to record the number of events in the gamma camera. In order to determine the exact location of the photon in the detector, we use another useful feature of the MCNP code, namely the particle track output card (PTRAC). PTRAC gives the location of every interaction which occurs in the detector and the energy deposited at that particular position. In this paper, we terminate the simulation on the basis of a fixed number of photons created, in order to be able to make direct comparisons of the various configurations in terms of camera sensitivity and to investigate the effect of Poisson noise on the output images.
B. Simulation of a Gamma Camera
The methodology of simulating the gamma camera is largely following the work by Vries et al. [8] , implemented in Matlab and using the PTRAC output file as its input. The output is a 2-D image representing the accumulated events at each camera pixel. A schematic representation of the gamma camera simulated by the MCNPX is shown in Fig. 1 . As shown in the figure, the gamma camera is bounded by a box used to define the limits of the simulated environment and this is referred to as the MCNPX calculation boundary. This boundary makes MCNPX run faster because the software does not need to measure any photon that passes through it.
The first structure of the gamma camera is the detector. The detector block used in this paper is filled with Sodium Iodide with density 3.67 g/cm . The size of the detector is 400 400 mm and its thickness 1 is 0.9525 cm.
In this paper, the photomultiplier tube array (PMT) is not explicitly modeled. However, a block of Pyrex is located behind the detector to represent an approximate medium for simulating the backscattering of photons from the PMT array.
The MCNP Code is used to provide the information of the position of interaction and the deposited energy. Only the photons that lie within a 20% energy window, centered at the photopeak, are accepted.
A realistic relationship between the energy deposited in the detector and the full-width at half-maximum (FWHM) of the energy response is needed in order to represent realistically the stochastic energy blurring in the PMT array. A function that has been proposed to relate the FWHM with the energy is given by Beattie [3] as (1) where is the energy deposited in the detector, with and . Experimental results with point sources of 1 These are the specifications of the Toshiba GCA-7100A and GCA-7200A cameras at the Royal Surrey County Hospital, Guildford, UK. mono-energetic photon sources with a GCA-71000A gamma camera produced fitting values and . A realistic gamma camera suffers from spatial blurring of the generated image [11] due to light sharing in the PMT array, producing stochastic variations in the signal amplitude. In this paper, we model this phenomenon by spreading the true locations into a 2-D Gaussian distribution. The standard deviation, , used by this function is based on the intrinsic resolution of the GCA-71000A gamma camera, which has cm or cm. Finally, the positions of the windowed photons are determined and arranged into a matrix. To display it as an image, we normalized it from 0 to 255 (8-bit grey scale image).
C. Multihole Collimator
A low-energy high-resolution (LEHR) multihole collimator is used in this paper as the basis for constructing a wire-mesh collimator. A multihole collimator is a slab with square holes and its septa are filled with tungsten of density 19.3 g/cm [21] , and located between the patient and the detector. Fig. 2 illustrates the simulated multihole collimator gamma camera.
D. Validation of the Imaging Configuration
To validate our model of gamma camera, we simulated a point source at various distances above the collimator's top surface, i.e., at 5, 10, 15, 20, 25, and 50 cm, and the results were recorded. We simulated photon histories at each position. The FWHM was used to determine the resolution, and the result is shown in Fig. 3 . In Fig. 3 , the FWHM obtained by our simulation is compared with the theoretical models proposed by Anger [1] and Webb [28] , and also with the ideal thin plane detector as proposed by Chamberlain [7] . This graph shows that the results of our simulations follow the expected trend. The discrepancy occurs because the other methods model ideal cases: Anger's and Webb's equations are derived based purely on the geometrical structure of the camera. In Fig. 3 , we also plot two data points from the Royal Surrey County Hospital. The difference between our model and the real data points is probably due to the different size of the sources used. In our experiments, we used an ideal point source, while at the hospital, an cm source of 140 keV photons from Tc-99m was used.
III. IMAGE IMPROVEMENT BY POSTPROCESSING
We use the Wiener filtering technique to improve the images captured by the gamma camera. The Wiener filter is defined as [24] , [29] (2) where is the Fourier transform of the point spread function and is the ratio of the power spectrum of the noise field over the power spectrum of the ideal image.
In (2), the two unknown functions are the power spectrum of the noise field and the power spectrum of the ideal image. There are several ways of estimating these power spectra. The most common and easiest way is to use a constant to replace their ratio. This is the method used in [5] , [24] , and [27] . Other methods have been proposed by Press et al. [25] and Goodman [28] and results from our simulation. Two points captured with the real camera we are simulating are also shown.
and Belsher [12] . We performed a comparative study between all these methods, and we found that the best estimation method is given by Goodman and Belsher [12] . Indeed, by combining the Goodman and Belsher [12] method with a constant ratio, we obtained the best results in terms of the signal-to-noise ratio (SNR). In addition, we found that the original Wiener filtering as given by (2) is more effective than some other Wiener-related filtering techniques reported in the literature, such as the modified Wiener filter by Demers and Stein [9] and by Miller and Rollins [20] , and the combination of the Wiener filter with a low-pass filter by Honda et al. [15] .
Therefore, in this paper, we shall use the original Wiener filter, coupled with estimating the power spectra using the combination of the Goodman and Belsher's method [12] with a constant spectral ratio.
IV. DESIGN OF THE WIRE-MESH COLLIMATOR
Chamberlain [7] was perhaps the first person to actually publish the idea of a wire-mesh collimator. In his research, Chamberlain [7] suggested a wire-mesh collimator made from a wire with radius 0.03 cm, with the hole size corresponding to the pixel size of the detector. His configuration was limited to three layers of wire grids, with a total depth of 3 cm. The separation distance between the bottom grid and the central grid was 2 2.06 cm, while the separation distance between the central grid from the top grid was 0.88 cm.
In order to find the optimal parameter values for such a configuration, Chamberlain [7] analysed the modulation transfer function as a function of the collimator parameters and took the smoothest response of all, as corresponding to the optimal parameter values. However, his results showed that the configuration he came up with, did not produce images even near the quality of images produced by the multihole collimator. Since the configuration in [7] was limited to three masks only, it was suggested that more layers were needed, and having only three layers was just too optimistic.
Another work in this field is that by Ogawa and Kato [22] , [23] . Using the multihole collimator as guidance, they tried to replicate the structure using tungsten rods. These rods were placed in the and directions alternately. The diameter of the rods used was 0.03, 0.05, or 0.01 cm. These values were chosen to correspond to the multihole collimators that they used as their references. In this paper, since the multihole collimator used as reference has a 0.02-cm septa thickness, we repeated their simulations by fixing the value of the rod diameter to 0.02 cm.
Ogawa and Kato proposed three different collimator designs. In their third design they introduced the concept of an entrance and an exit wall. By adding these walls, they were able to reduce the number of wide angle photons in comparison with the two other configurations they proposed.
In this paper, we propose a different approach to designing an effective wire mesh collimator. We start from the full collimator and we gradually remove parts of it while monitoring the effect this has to the produced image, with or without image postprocessing.
We present next the design of such a collimator (configuration WM-1). Then, following Ogawa and Kato [22] , we add walls to it and produce configuration WM-2.
A. Proposed Configuration WM-1
The algorithm that we use in order to identify the best wiremesh configuration is as follows.
We start by dividing the whole block of the multihole collimator into three thick sections and remove the middle one, i.e., we divide a 4-cm collimator into three sections, with two septa and one intermesh space. This is the first configuration we consider. Next, we divide the collimator into five sections and remove two of them so we end up with three septa and two intermesh spaces. This is our second possible configuration. This process is repeated until the thickness of the septa is 0.02 cm, which corresponds to the thickness of the rods used by Ogawa and Kato [22] , [23] .
In this way, the possible configurations we consider are in reality a series of walls like those used by Ogawa and Kato [22] , [23] , with decreased thickness. However, we prefer to call them masks, and reserve the term "walls" for the two structures used at the two ends of the collimator, just like Ogawa and Kato [22] , [23] did.
We note that this method will reduce the overall weight of the collimator by at most 50%. The final configuration of this series of configurations consists of masks made up by wires with square cross sections with size equal to the size of the septa of the multihole collimator. Such wires with square cross sections can be replaced by wires with circular cross sections, to reduce the weight further. We show in the experiments section that such a replacement bears no effect on the quality of the image produced and of course results in a structure that can be more easily constructed in practice. So, the final design of WM-1 is shown in Fig. 4 .
B. Proposed Configuration WM-2
As Ogawa and Kato [22] , [23] showed, the use of walls thicker than the masks at the two ends of the collimator may significantly improve the performance of the system. We explore this option here, by sticking together a certain number of masks at either end of each of our collimator configurations, to form walls. Fig. 5 shows schematically the new design.
V. EXPERIMENTS WITH IDEAL SOURCES
In this section, we conduct experiments with a point source, a planar square source and two point sources. We decided upon the best wire-mesh collimator using the results from these experiments. The point source images are also the point spread functions (PSF) of the imaging system. The PSF has two roles: the first is to be compared with the PSF of the reference multihole collimator and the second is to be used to build the Wiener filter, that may be used to improve the images captured from other sources, if so desired.
A. Assessing the Performance of Design WM-1 1) Point Source:
In these experiments, photons of 140 keV are emitted from a point source in a water cylinder that has 10-cm radius and 20-cm length. The source is placed at 10, 15, 20, 25, and 50 cm above the collimator. Ideally, each experiment should be repeated several times using the multihole collimator, so that a range of acceptable values for the number of detected photons is identified. As we do not have such statistical data, we may directly follow the method of estimating the precision of a single measurement as discussed in [16] , [17] , according to which the acceptable range of number of detected photons is [ , ] , where is the photon count of the multihole collimator.
Next, we may also analyse the performance of our collimator using the characteristics of the PSFs, as done by Chamberlain [7] and Ogawa and Kato [22] , [23] . There are two factors that can be investigated. The first is the size of the PSF and the second is the mean square error (MSE) difference of the modulation transfer function (MTF). Ogawa and Kato [22] , [23] claimed that their wire-mesh collimator can match the performance of the multihole collimator. However, from the results presented here, we shall see that the MTFs obtained by their configurations have sidelobe peaks which create artifacts in the PSF, that they did not observe due to the small size of the detector they were using.
The FWHM is not enough to assess the performance of the multihole collimator. This is because, the FWHM is not sensitive to the presence of artifacts. Hence, we use the MTF to measure the difference in expected performance between the structures. The MTF is very sensitive to blurring and noise in the imaging system. Chamberlain [7] used this criterion to determine his optimal configuration. To see the difference between the various structures, we may calculate the error between the MTF produced by the wire-mesh collimator and the MTF produced by the multihole collimator using the mean square error criterion. The first five columns of Table I show the sensitivity and the MTF error obtained from the various structures we investigated for the case of 10-cm source to collimator distance. The corresponding image profiles are shown in Fig. 6 . From this table, we can see that the results produced from Chamberlain's structure cannot match the performance of the multihole collimator, indicated by the sensitivity (total number of photons detected) and the huge difference in the MTFs. This leads to the conclusion that this structure is totally unsuitable for replacing the multihole collimator. This is confirmed by comparing the image profile produced by Chamberlain's structure in Fig. 6 with the image profile produced by the multihole collimator. We can see that the point spread function produced by Chamberlain's structure is spread too widely and it is hugely affected by noise.
The structures produced by Ogawa and Kato [22] , [23] yielded far better results than those of Chamberlain's [7] . From all three configurations they designed, we can see that the third configuration is the best, both in terms of the total number of photons detected and the error in the MTF, in comparison with the multihole collimator. However, from the image profile shown in Fig. 6 , we can see that there are some secondary peaks occurring mainly between the 15th and the 40th pixels. Ogawa and Kato [22] , [23] built their wire-mesh collimator purposely for a gamma camera with a small field of view, i.e., pixels with the size of each pixel being 0.23 cm. Due to this, they could not have observed these secondary peaks.
As we can see from Table I , from the proposed configurations the one closest to the multihole collimator, is produced by dividing the collimator to 201 parts and keeping 101 of them. For this case, the total depth of the collimator is actually 4.02 cm and the size of each mask and intermesh space is 0.02 cm, i.e., the depth of the mask is the same as the thickness of the mask. Therefore, we may also convert these masks into wires with circular cross sections. The problem is that the number of photons detected by this configuration is outside the acceptable range of the statistical counting fluctuations of the multihole collimator, i.e., [2944-3054] (2999 54.76). The size of its PSF is also very large, i.e., 100 100. However, the unwanted signal is very small, and that is reflected in the very small value of the MTF error.
In Fig. 7 , we show the effect of the distance of the source from the collimator for the multihole collimator, Chamberlain's structure, the third structure given by Ogawa and Kato and our structure number 18. The first panel of Fig. 7 shows the sensitivity, 3 measured by the number of detected photons. As we can see, the closest curve to the multihole collimator is given by our proposed structure, and the worst is given by Chamberlain's structure.
The middle panel of Fig. 7 shows the area of the PSF recorded by the detector. The PSF of Chamberlain's structure occupies the whole detector (the detector used was 128 128 pixels). The PSF of Ogawa and Kato's structure gets bigger and bigger, and fills the whole detector as the source is placed further and further away from the collimator. Among all the presented configurations, the closest results to the multihole collimator are given by our structure. However, even this structure for some distances has a PSF that occupies the whole detector. Finally, we also observe that the difference between the MTF of the multihole collimator, and the MTFs of the other structures, places our structure in the best position (last panel of Fig. 7) . However, the sensitivity of the proposed structure is too high for it to be a replacement of the multihole collimator. There are two ways to improve it: using image post processing or redesigning it by introducing walls at both ends. Before we discuss these options, we shall consider the quality of images produced in terms of image fidelity, by using a square planar source, and in terms of discriminating ability, by using two close-by point sources.
2) Planar Square Source: In this experiment, we simulate a planar square source of size 4 cm 4 cm, located in water 10 cm above the collimator. The number of photons used is . We use the point spread function for each configuration, as worked out in the previous section, and Wiener filtering to improve the captured images. Using the SNR as a measure of image quality, the best configuration is the one for which the restored image has comparable quality as the raw image of the multihole collimator. The SNR is defined as the ratio between the average grey value inside the known extent of the source and the average grey value outside the source.
The results are shown in the last two columns of Table I . We can see that even the postprocessed images produced by Chamberlain's [7] and Ogawa and Kato's [22] , [23] configurations cannot match the quality of the raw image of the multihole collimator. The first of our configurations that can produce a better restored image than the raw image of the multihole collimator is configuration 16, but the best quality of restored image is given by configuration 17. However, taking the factor of weight reduction into account, structure 18 is the best.
The effect of the distance of the source to the quality of the produced image is shown in Fig. 8 .
3) Two Point Sources: The next step is to investigate the resolution limit of these configurations. We use two criteria for this. The first criterion is the source separability. The separability of two point sources may be determined by examining a cross-section of the created image. Based on Fig. 9 , the two point sources are considered to be resolvable when the two peaks and have greater intensity than .
The second criterion is the Rayleigh criterion [14] . This criterion is used in optics to describe the resolution limit of the human eye. The Rayleigh criterion states that two equally bright points or parallel lines can just be resolved from their image when the central maximum of the image of one of the sources coincides with the first minimum of the image of the second of the sources.
The results are shown in Table II . The entries in this table are the minimum distances of the two point sources for which either the brightness at point was smaller than the brightness at points and , as defined in Fig. 9 , or the Rayleigh criterion for the separability of the two point sources was fulfilled. From these results, we can see that the proposed structure 18 and the third Ogawa and Kato's structure perform identically. In all images, the locality shift is zero, i.e., all recorded peaks were at their expected locations.
4) Testing the Optimality of the Proposed Structure:
We arrived at the final dimensions of the proposed structure in an algorithmic way, which, for example, meant that the intermesh distance had always to be the same as the wire radius. In this section we investigate whether the structure we arrived at could be improved by relaxing the restrictions of our algorithmic approach. So, we examine the performance of a mesh collimator with wire radius, , 0.01 cm, instead of 0.02 cm, intermesh distance, , 0.03 cm, instead of 0.02 cm, or intersepta space, , 0.16 cm, instead of 0.15 cm. The performance of these changed configurations in comparison with configuration 18 of Table I  is shown in Table III . These results show that although the way we reached our first design was somewhat restrictive, its performance is best among some other configurations that could be designed by relaxing the restrictions of our algorithmic approach. Fig. 13 . Images of the phantom with TBR 2:1 from the multihole collimator, the first proposed wire-mesh collimator and the second proposed wire-mesh collimator from left to right, respectively, (top) without and (bottom) with Wiener filtering post processing. The tumor, a bright spot in the middle, is not actually discernible. Fig. 14 . Images of the phantom with TBR 3:1 from the multihole collimator, the first proposed wire-mesh collimator and the second proposed wire-mesh collimator from left to right, respectively, (top) without and (bottom) with Wiener filtering post processing. The tumor in the middle is just discernible.
B. Assessing the Performance of WM-2
The performance of the second collimator design we propose, when imaging an ideal point source, is shown in Table IV . In terms of sensitivity, the number of photons detected by the configurations with 14 or more meshes forming the walls is within the acceptable range of the statistical counting fluctuations, i.e., [2944-3054] (2999 54.76). However, we can see that in terms of size of the PSF, only configurations with at least 30 or 32 mesh walls have the same size PSFs as the multihole collimator. The difference of the MTFs of these configurations from the MTF of the multihole collimator is negligible. Since we are interested in the lightest structure, the configuration with 30 meshes forming the walls is picked as the second configuration proposed in this paper.
This configuration can match the performance of the multihole collimator and has a weight reduced by 48.8%. The profile of the point source image of this configuration is shown in . Comparing this image with that of the optimal configuration proposed by Ogawa and Kato [22] , [23] , we can see that this configuration does not produce any secondary peaks.
This new configuration with the 30 mesh walls produces an image with SNR before image postprocessing and SNR after Wiener filtering, when used for imaging a planar square source in water. The dependence of this performance on the distance from the source is shown in the far right graph of Fig. 11 .
In conjunction with two point sources, this configuration yields a resolution distance of 1.0 and 1.2 cm in air and water, respectively. With Wiener filtering, the resolution is increased to 0.7 and 0.9 cm in air and water, respectively. For the Rayleigh criterion, the values are 1.3 and 1.4 cm in air and water, respectively. Wiener filtering improves the resolution to 0.8 and 1.1 cm in air and water, respectively.
These results show that our second structure has similar characteristics as the multihole collimator. Therefore, it offers a di- Fig. 17 . Experiment A: The number of photons detected solely from (left) tumor and (right) the MSE. Abbreviation MC is for the multihole collimator, WM-1 is for the first optimal configuration of the wire-mesh collimator, and WM-2 is for the second optimal configuration of the wire-mesh collimator. Fig. 18 . Images produced for TBR 10:1 from a tumor of size 0.6 cm from the multihole collimator, the first wire-mesh collimator and the second wire-mesh collimator, from left to right, respectively, (top) without and (bottom) with Wiener filtering. The tumor in the middle is not really discernible.
rect replacement for the multihole collimator, without even the need of image post processing.
VI. SIMULATED PHANTOM EXPERIMENTS
In this section, we use the two wire-mesh collimators we propose as well as the reference multihole collimator and test all three configurations with simulations of a realistic phantom.
We use a hot water cylinder 4 to provide the background radiation of the system. To decrease the running time of the MCNPX code, we place the cylinder directly on top of the collimator.
To model the tumor itself, we use a spherical lesion filled with soft tissues, with various tumor-to-background ratios (TBR) [13] , [19] , [26] . The TBR indicates the tumor level of activity. For example, a 5:1 tumor is half as active as a 10:1 tumor. In this paper, the background radiation is fixed to photons, and based on this, we may calculate the number of photons that are projected by the tumor, depending on its TBR. The TBR is calculated based on the ratio of the source concentration, as [26] 
where is the number of photons from the tumor cm and is the number of photons from the background cm . There are two factors that influence the quality of the produced image, and which we wish to investigate in this paper: the TBR and the size of the lesion. For the first set of experiments (experiment A), we fixed the size of the lesion to 1 cm in diameter, and we simulated the 2:1-8:1. TBR cases. For the second experiment (experiment B), we fixed the TBR to 10:1, and observed the results for 0.5 cm-8 cm lesion diameters. For all the experiments, the location of the lesion was 1 cm away from the collimator and inside the cylinder. The experimental set-up is shown in Fig. 12 . The image quality measure we use is the MSE, because it can handle the fluctuations of the background radiation.
A. Results and Discussion
The experiments in this section are done in two steps: one simulation with a hot cylinder and a cold lesion for the background radiation, and another simulation with a hot lesion and a cold cylinder for the tumor. To model the complete source, the number of detected photons in the first step is added to the number of detected photons in the second step. The background radiation is simulated only once for each configuration, using photons, but the number of photons from the tumor varies, depending on the TBR and the size of the lesion.
There are three structures that we used to capture the photons: the multihole collimator, the proposed wire-mesh collimator WM-1 Nr 18 and the second proposed wire-mesh collimator WM-2, with the 30 mesh walls.
1) Dependence of the Detection on the TBRs:
The images we show in Figs. 13 and 14 correspond to the TBRs of the cases near For the multihole collimator, we can see that the tumor starts to be visible in the restored image of the 3:1 TBR case. Without using Wiener filtering, the tumor can only be seen for the cases of TBR 4:1 and above. For the cases of TBR 2:1 and 3:1, we can see that the main peak that corresponds to a tumor does not reach the maximum value of 255 grey level in the images produced by the first wire-mesh collimator. This indicates that there is another pixel in these images that has more brightness than the tumor itself, and this could lead to a false diagnosis. With Wiener filtering, the brightness of the main peak is increased and the false peaks are suppressed. Fig. 17 shows the quantitative version of our observations. We can see that the multihole collimator and the second wire-mesh collimator detected almost the same number of photons, because this wire-mesh collimator was designed exactly to match the performance of the multihole collimator. Although in terms of MSE values the second wire-mesh collimator we propose appears to be better than the reference multihole collimator, we consider this to be fortuitous. We believe that the reason of this difference is the random nature of these experiments. The reason this better performance appears to persist for all values of TBR, is because we used the same background radiation for all cases. That is, only the tumor was re-simulated as the TBR changed.
2) Dependence of the Detection on the Size of the Lesion: The images presented in Figs. 18 and 19 are the images produced from the multihole collimator, the first proposed wiremesh collimator and the second proposed wire-mesh collimator, respectively, for the cases of fixed TBR to 10:1 and lesion sizes 0.6 and 0.7 cm, respectively. The cross sections of these images are shown in Figs. 20 and 21 , respectively. In all cases, the tumor becomes visible when it is at least 0.7 cm in diameter. Fig. 22 shows the quantitative version of our observations. We can see that the sensitivity is very low for a small size lesion, owing to the low number of photons emitted from it. The multihole collimator and the second wire-mesh collimator we propose are in a good agreement in terms of sensitivity. The MSE of the images follows the same trend as in experiment A.
VII. CONCLUSION
In this paper, we demonstrated that the wire-mesh collimator design we propose is capable of replacing the multihole collimator, either used in conjunction with Wiener filtering image processing, where we reduce the weight of the original collimator by 60.5%, or without Wiener filtering, where the weight of the multihole collimator is reduced by 48.8%.
Even the first design we proposed, which was not acceptable as a replacement of the multihole collimator in terms of photon sensitivity, produced images of the phantom lesion that were of almost comparable quality as those produced by the multihole collimator, in terms of thresholds of minimum lesion activity and size for detectability.
We also showed that Wiener filtering, properly applied, can improve the images and increase the visibility of the tumor.
The apparent better performance of the second wire-mesh collimator we propose than that of the multihole collimator may be attributed to the random processes involved in the gamma camera.
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